There is a substantial body of evidence which supports the view that the action of digitalis preparations is not limited to the heart. It had been suggested that the primary action of digitalis is extracardiac (1) (2) (3) and that the direct effects on the vascular bed may be responsible, in part, for its therapeutic action (4) . However, in most studies, attention has been directed to the powerful positive inotropic action of this drug (5) (6) (7) (8) (9) (10) . The direct effects of digitalis on the peripheral circulation alone have not been clearly defined because of alterations in the cardiac output which usually accompany digitalization. The present study was designed to characterize the direct effects of several digitalis glycosides on vascular resistance in the dog. Two types of preparations were employed in which the circulatory effects resulting from the inotropic action of these drugs could be completely eliminated.
METHODS
Fifty-three mongrel dogs, ranging from 10.5 to 24.0 kg in weight, and averaging 15.4, were studied. Fiftyone dogs were premedicated with 2 mg per kg morphine and received chloralose and urethan intravenously (11) ; in two dogs, pentobarbital (30 mg per kg) was used instead of morphine. Two basic preparations were employed. Preparation Preparation 2. In 7 dogs a midline abdominal incision was made, the lower abdominal aorta and inferior vena cava were isolated, cross-clamped, and divided below the renal vessels. Large cannulae were then inserted into the distal ends of the aorta and inferior vena cava. The venous line was connected with the rotating disc oxygenator and oxygenated blood was delivered to the distal aorta by means of the roller pump. Flow was maintained at a constant rate which averaged 38 ml per kg total dog weight per minute and was metered with the recording rotameter. Thus, the dog's own heart and lungs supported the upper portion of the circulation, while the extracorporeal circuit permitted almost complete humoral and hemodynamic isolation of the lower segment ( Figure 2 ).
Control observations were made for at least 15 minutes in both preparations, prior to the injection of digitalis. The digitalis was administered as single rapid injections into the arterial side of the oxygenator in all dogs in Preparation 1, and in 4 dogs in Preparation 2. In 3 of the 7 dogs in Preparation 2, digitalis was injected intravenously into the upper segment. The duration of the pressor effect was calculated as the time interval be-931 ROSS, WALDHAUSEN AND BRAUNWALD Similarly, the pressor effect of lanatoside C persisted until the termination of the experiment at 50 minutes (two dogs) and 120 minutes (one dog) after injection.
Ligation of the splanchnic arteries did not appreciably modify the magnitude or duration of the pressor effect of acetylstrophanthidin (Table I) . Bilateral adrenalectomy did not prevent the elevation of arterial pressure. The average of the maximum elevations of peripheral resistance produced by acetylstrophanthidin was less in the adrenalectomized dogs than in the dogs with intact adrenal glands, but there was a wide scatter and some overlap in response in both groups.
Ganglionic blockade with hexamethonium did not prevent the pressor effects induced by ouabain; the average of the maximum elevations of peripheral resistance was lower than that in the dogs without ganglionic.blockade, but again, the scatter in responses in the two groups overlapped widely. A tracing obtained in a representative experiment of this type is reproduced in Figure 4 .
It was noted that in all five dogs in which femoral arterial flow was metered it increased for a brief period concomitant with the initial rise in systemic arterial pressure (Figure 3 ). In four of these dogs a decline in flow to below control level ensued; this occurred at the peak of the ouabain-induced pressor effect, and was evidence of an elevation of hind limb vascular resistance. In the fifth dog, femoral arterial flow remained elevated and calculated hind limb vascular resistance was diminished. These observations sug- 
DISCUSSION
Earlier investigators demonstrated that digitalis glycosides cause contraction of excised arterial (15) and venous (16) rings. More recently, Leonard also observed a contractile response of both arterial (17) and venous strips (18) to digitalis glycosides. In the intact dog, arterial pressure elevations have been shown to occur following digitalis administration (1, 2, 7, (19) (20) (21) . In many studies, however, toxic doses of digitalis were given, and the absence of simultaneous cardiac output measurements prohibited conclusions concerning the direct effect of these drugs on peripheral vascular resistance. Recently, however, Cotten and Stopp (9) observed a decline in cardiac output and slight elevation of arterial pressure following acute digitalization of the open-chest dog.
The experiments described herein demonstrate that with the heart effectively removed from the circulation, the administration of (ligitalis glycosides in therapeutic doses produces a significant elevation of arterial pressure. This pressor response was: a) not prevented by ganglionic blockade or adrenalectomy; b) prevented in local portions of the vascular bed by their humoral isolation from the remainder of the animal's body; and c) induced locally by selective injection of the drug into the local vascular bed. The occurrence of a pressor response to digitalis injection into the humorally and hemodynamically isolated lower segment excluded the possibility that this response was mediated either through the adrenal medulla or through a reflex alone. Furthermore, since in Preparation 2 intravenous injection of digitalis into the upper segment resulted in a decrease in the vascular resistance of the perfused lower segment, a purely reflex origin of the pressor response seems even less likely. These experiments thus support the contention that the increase in vascular resistance results primarily from a direct action of the digitalis preparations on arteriolar smooth muscle.
In view of the suggestion that splanchnic vasoconstriction is largely responsible for arterial pressure elevations following digitalization (20) , it is of interest that no apparent modification of the response was produced by splanchnic artery ligation. Vascular constriction in the hind limb ac-934 tually exceeded that which occurred in the remainder of the circulation, since in four of five dogs studied, femoral artery flow declined at a constant systemic perfusion rate.
Melville (22) described a reflex depression of digitalis-induced pressor responses in the dog, and postulated that digitalis may excite an intracardiac chemoreceptor reflex of the Jarisch-Bezold type. It is therefore possible that exclusion of the heart from the circulation might enhance the pressor response to digitalis. However, in this connection, it is pertinent that in the course of other perfusion studies, identical with those described herein, but without aortic occlusion, a 26 and a 53 per cent augmentation of peripheral vascular resistance occurred following digitalization with 0.5 cat unit per kg ouabain. In addition, the pressor response was not abolished in two of the adrenalectomized dogs in the present series in which the aorta was not occluded. Thus, a significant pressor response was observed even when the glycoside was permitted to reach the myocardium.
Preliminary observations have been carried out in patients undergoing total cardiopulmonary bypass at a constant perfusion rate. An increase in peripheral vascular resistance accompanied the inotropic effect resulting from the administration of acetylstrophanthidin (10) . These data are consonant with the observations of Williams, Zohman and Ratner, who demonstrated an elevation of arterial pressure and systemic vascular resistance in human subjects undergoing rapid digitalization (23) .
Possible clinical significance of the digitalis-induced elevations in vascular resistance has been suggested by Bayliss and co-workers, who reported the development of acute pulmonary edema following rapid digitalization (24) . Perhaps, in these instances, the increase in peripheral resistance abruptly augments the left ventricular work before the positive inotropic action becomes manifest. On the other hand, it would seem that under appropriate conditions the vasoconstrictor effects of digitalis may be beneficial.
SUMMARY
The effects of acetylstrophanthidin, ouabain, and lanatoside C on peripheral vascular resistance were studied in 46 dogs in which cardiac action was excluded by the use of cardiopulmonary bypass. At a constant perfusion rate a significant elevation of arterial pressure occurred in each instance and reflected an augmentation of peripheral vascular resistance. This elevation of arterial pressure was not abolished by ganglionic blockade or adrenalectomy and was not modified by splanchnic arterial ligation. The injection of acetylstrophanthidin into the constantly perfused lower aorta of four dogs resulted in a pressor response limited to this portion of the vascular bed, while injection into the upper segment of three dogs produced a reflex fall in pressure in the lower segment. These experiments support the view that a direct action of digitalis on arteriolar smooth muscle is responsible for the digitalisinduced increase in peripheral vascular resistance.
